OBJECTIVE: To determine the reproducibility of anthropometric and body composition measures using the HERITAGE Family Study protocol. DESIGN: Anthropometric and body composition measures were obtained on three separate days within a 3-wk period at each of the four HERITAGE Clinical Centers. SUBJECTS: Sixty men and women representative of the HERITAGE subject population, 15 from each of four Clinical Centers. MEASUREMENTS: Anthropometric measures included eight skinfolds, three girths and one length; and body composition measures included stature, mass, hydrostatic weight, residual volume, and body density, from which relative fat, fat mass and fat-free mass were estimated. RESULTS: Reproducibility as determined by technical error, coef®cient of variation, and intraclass correlations was very high for the total sample. For example, intraclass correlations for the total sample generally ranged from 0.95± 0.99 for the anthropometric measures, and from 0.97±1.00 for the body composition measures. The results across Clinical Centers were in close agreement with each other and with the pooled data. CONCLUSIONS: The reproducibility of anthropometric and body composition measures using the HERITAGE Family Study protocol is suf®ciently high that it should be possible to detect small changes in any of these measures and to determine the genetic basis of these changes consequent to a 20 wk endurance training program.
Introduction
The ability to accurately track changes in anthropometric and body composition variables following an exercise training program or dietary intervention is critically dependent on the reproducibility of the measurements, which re¯ects both trial-to-trial reliability as well as day-to-day biological variability. When either or both measurement error and day-today variability are close to the expected change in a variable following a given intervention, there is a strong likelihood that any true change will not be detected, namely it will not achieve statistical signi®-cance. With a signi®cant dietary intervention, there are generally substantial changes in anthropometric measurements, including skinfold thicknesses and segment girths, and body composition measures, speci®cally mass, fat mass, and fat-free mass.
1,2 With endurance or resistance-type exercise training, in the absence of dietary intervention, the expected changes are considerably smaller, 3 in which case the reliability and reproducibility of measures are of much greater concern. The HERITAGE Family Study is a large multicenter clinical trial investigating the possible genetic basis for the variability in the responses of physiological measures, and risk factors for cardiovascular disease and non-insulin-dependent diabetes mellitus, to endurance exercise training. This study includes four Clinical Centers (Indiana University, Laval University, the University of Minnesota, and The University of Texas at Austin) and a Data Coordinating Center (Washington University Medical School, St. Louis, MO). With a multicenter trial, it is critical that all clinical centers use exactly the same protocols for measurements. Further, to detect relatively small changes in critical variables, and to establish the possible genetic basis for these changes, it is crucial to have very high measurement reproducibility. Therefore, the purpose of this study was to establish the reproducibility of a series of anthropometric measures and body composition variables across three different days within a 3 wk period at each of the four Clinical Centers, as well as across the four centers combined. Details of the HERITAGE Family Study aims, experimental design, and measurement protocols have been presented in a previous publication.
Methods

Subjects
The HERITAGE Family Study subject population is composed of families, including the natural father and mother and at least two (African±American families) or three (Caucasian families) offspring 17 y of age or older. For this reproducibility study, the decision was made to use subjects who were not participants in the HERITAGE Family Study due to the nature of the study design. Each of the four Clinical Centers recruited subjects every six months over three consecutive six month periods to participate in this intracenter quality control substudy (ICQC substudy). Subjects were required to meet all criteria for admission to the HERITAGE Family Study 4 with the exception of family membership. Data were available from 60 subjects from all four centers. Their characteristics are presented in Table 1 . The study protocol had been previously approved by each Clinical Center's Institutional Review Board, and informed consent was obtained from each subject.
Experimental design
Each subject completed the entire anthropometry and body composition assessment protocol on three different days within a period of 3 wk. On each of the three test days, the testing was conducted within AE 2 h of the time of testing on the other two days. For each test day, subjects reported to the laboratory at least 4 h post-prandial, having performed no formal exercise in the previous 4 h. The entire anthropometric and body composition test battery was administered on each of the three test days. This battery included the measurement of stature and body mass; one length, three girths, and eight skinfolds; and residual lung volume and hydrostatic weighing for the determination of total body density, from which relative body fat, fat mass, and fat-free mass were estimated.
When subjects arrived at the laboratory, they were questioned to ascertain if they had adhered to the 4 h post-prandial and 4 h post-exercise protocol. If they met these requirements, they were then instructed to change into a bathing suit, after which the measurement protocol was initiated.
Body composition and anthropometry methodology
Stature and body mass were measured to the nearest 0.1 kg and 0.1 cm respectively, using a balance beam scale and a stadiometer. A series of anthropometric measurements were then obtained. Measurements of upper-arm length and girth, to be used in the determination of the appropriate blood pressure cuff size for the subsequent measurement of both resting and exercise blood pressure, and abdominal and hip girth were made using a ®berglass anthropometric tape (Grafco Fiberglass Tape, Model 17-1340-2). Skinfold thickness was measured at the subscapular, biceps, triceps, midaxillary, suprailiac, abdominal, thigh, and calf skinfold sites using a Harpenden skinfold caliper (Quinton Instruments, Inc. #03496-001). The measurements were taken in accordance with the procedures recommended by Lohman, Roche, and Martorell. 5 All measurements were taken in duplicate. A third measurement was taken if the ®rst two measurements differed by a predetermined amount: stature b0.5 cm; mass b200 g; length and girths b1.0 cm; and skinfolds b1.0 mm. When it was necessary to take a third measurement, the two closest measurements were averaged. When the third measurement fell equally between the ®rst two, all three were averaged.
Hydrostatic weighing was used to assess body density according to the method of Behnke and Wilmore. 6 The subject was instructed to exhale completely to the point of residual lung volume, at which point a load cell interfaced with a computer was used to obtain the underwater measurement of body mass. Ten trials were obtained and the three highest values were averaged. Residual lung volume was assessed out of water in a seated position using the oxygendilution principle, as described by Wilmore 7 and modi®ed by Wilmore et al, 8 at the Indiana, Minnesota and Texas Clinical Centers. A minimum of two trials were obtained, and a third trial was taken if the ®rst two differed by more than 150 ml. An average of the ®rst two trials, or the two closest trials, was used in the correction for the residual lung volume in the estimation of body density. At the Laval Clinical Center, residual volume was measured using the heliumdilution technique. 9, 10 Relative body fat was estimated from body density using the equations of Siri 11 for Caucasian men, Lohman 12 for Caucasian women, Schutte et al 13 for African±American men, and Ortiz et al 14 for African±American women.
Quality assurance, quality control and statistical methodology Important quality assurance and quality control procedures were instituted across all four Clinical Centers as described by Gagnon et al. 15 Staff from all Clinical Centers were trained centrally on several occasions, and all staff from each Clinical Center had to attain certi®cation on each technique for which they were responsible. Further, one or two staff members at each Clinical Center were responsible for all anthropometric, hydrostatic weighing, and residual volume measurements, and the same staff member was responsible for both pre-and post-training measurements on any given subject. For this quality control sample, one staff member at each Clinical Center was responsible for all measurements across the three trials. A detailed Manual of Procedures (MOP) was developed, and staff were required to review those sections of the MOP for which they were responsible every six months. Each year for the ®rst two years of the study, a traveling crew of four subjects, two men and two women, went to each of the Clinical Centers over a 3±4 week period, and were tested according to the HERITAGE Family Study protocol at each Clinical Center, allowing comparisons to be made across the four Clinical Centers on these same four subjects. 15 All data were analyzed using the SAS statistical package. Except where noted, data are expressed as mean AE s.d. Technical errors (TE), coef®cients of variation (CV), and intraclass correlations (ICC) were computed to evaluate the reproducibility in each of the four Clinical Centers and the total combined sample using the model of Shrout and Fleiss. 16 The ICC provides an indication of the predictive value of the measurement by accounting for the population variance, while the TE is a measure of the magnitude of the error, and the CV is a measure of the magnitude of the error relative to the magnitude of the measurement. Under this model, the ith measurement on the jth subject, x ij , is given by
where, m is the population mean, b j is the difference from m of the mean of the measurements on the jth subject, and w ij is the difference from m b j of the ith measurement on the jth subject. Both b j and w ij are assumed to be normally distributed and independent with standard deviations of s t and s o respectively. s o is the within-subjects standard deviation, also called technical error. The coef®cient of variation within subjects was computed as:
To compute the intraclass correlation coef®cient, PROC GLM in SAS was used to run an ANOVA, providing a between-subjects mean square (BMS) and a within-subjects mean square (WMS). These were used to estimate the ICC according to Shrout and Fleiss 16 :
where k is the number of replicate measurements on a single subject.
A multiple testing analysis of variance (ANOVA) was implemented using the General Linear Models Procedure to assess if there were differences in measured values across the three test days for the ICQC sample. Turkey's Studentized Range (HSD) Test was used to determine between which trials there were signi®cant differences. The multiple testing ANOVA used controls for all potential sources of variation. Statistical signi®cance was set at the 0.05 level.
The three reliability measurements were tested for differences between centers. For the ICCs, a chisquare for homogeneity was computed, and if that chi-square was signi®cant at the 5% level, approximate z-scores were computed between each pair of centers to determine which pairs were different, also at the 5% level. For the TE and CV, Bartlett's variance ratio test was used to determine which pairs of centers were signi®cantly different at both the 5% and 1% levels.
Results
The mean AE standard deviations for the anthropometric variables on each of the three days for all four Clinical Centers combined are presented in Table  2 , and for stature, mass, and the body composition variables in Table 3 . Signi®cant differences across trials by ANOVA were found only for the upper arm girth and the abdominal skinfold between Trial 1 and Trial 3.
The reproducibility of measurements for the four Clinical Centers combined, and for each Clinical Center individually, is presented in Tables 2 and 4 for the anthropometric variables, and in Tables 3 and  5 for stature, mass, and the body composition variables respectively. Reproducibility is presented as technical error, coef®cient of variation, and intraclass correlation. Signi®cant differences between Clinical Centers for TE, CV, and ICC (R) are indicated in Tables 4 and 5 .
Discussion
At its conclusion, approximately 750 subjects will have completed the entire HERITAGE Family Study protocol, including anthropometric and body composition assessments both pre-and post-training. To determine pre-to post-training changes in these measurements, it is important to have accurate and highly reproducible measurements. The results of this study clearly demonstrate a high degree of reproducibility for the total sample of 60 subjects, and for each of the individual Clinical Centers, across all variables analyzed. While reproducibility of anthropometric and body composition measures has not been studied extensively, the results of this study are generally as good or better than what has been previously reported in the literature. Wilmore and Behnke, in studies of both 133 young men 17 and 128 young women, 18 reported interclass correlations for repeat measurements on the same day for large battery of anthropometric measurements. The correlations ranged from 0.97±0.98 for skinfolds and from 0.98±0.99 for girths in men for the same sites used in the present study. For women, individual correlations were not reported, but out of 55 anthropometric measurement sites, 48 exhibited correlations b0.93. In a large sample of young and middle-aged men, Pollock et al 19 conducted repeat measurements on 18 subjects, and reported reliability estimates of 0.96±0.99 for skinfolds and 0.95±0.99 for girths. Bouchard 20 reported technical errors between 1.0 mm and 2.1 mm and intraclass correlations of from 0.94±0.98 for six skinfold measurements in 61 children and adults of each sex for replicate measures taken within a two week period. Finally, Mueller and Malina 21 reported intraclass correlations as an estimate of reliability for six girth and ®ve skinfold measurement sites in 77 adolescents who had duplicate measurements taken within a period of three weeks. Correlations ranged from 0.88±0.98 for skinfolds and from 0.97±0.99 for girths.
Technical errors for the anthropometric measurements were generally 1.0 cm for lengths and girths and 1.0 mm for skinfolds (Table 2) , which is considered very good. The suprailiac and abdominal skinfolds were exceptions. Lohman et al 5 have stated that the technical error for the suprailiac skinfold thickness is generally larger than those for other sites. The coef®cients of variation were generallỳ 10.0% for skinfolds and`1.0% for girths, well within accepted limits.
The reproducibility of stature, mass, residual volume and body composition measures was also high, with intraclass correlations for the total sample varying from 0.97±1.00. Mendez The technical error for body density has ranged from 0.015 26 ±0.003 gm/ml, 24 and is generally considered to be acceptable at 0.002 gm/ml, 27 which was the technical error computed for this study. The coef®-cient of variation for relative body fat has been reported to be 2.3% (namely percentage fat units) by McCrory et al, 28 considerably lower than the present study, but the two trials were obtained one immediately after the other on the same day. Tables 4 and 5 reveal very close agreement across the four Clinical Centers for all three estimates of reproducibility; technical error, coef®cient of variation and intraclass correlation. Only one variable (biceps) failed the homogeneity test for ICCs, and the post-hoc z-scores found no pair of centers which were signi®cantly different, despite an ICC of R 0.99 for center C and R 0.84 for center D. While both of these values are within the range we generally consider good (namely R b 0.80), the failure to ®nd signi®cance between them may have more to do with the small sample size (n 15 per center) than the magnitude of the difference. Nine of 20 variables examined showed differences between centers in TE or CV at the 5% level, with four of these still showing signi®cant differences at the 1% level. While a few differences found may be real, some are probably a result of the large number of tests conducted. Furthermore, those differences signi®cant at the 1% level appear to be, at most, the difference between very good reliability and excellent reliability (for example upper arm length: a TE of 0.5 cm for Center D and a TE of 0.2 cm for center C are signi®cantly different, but both are well below the 1.0 cm threshold for being considered very good).
Further, the individual Clinical Center reproducibility estimates were nearly identical to those for the total sample. Considerable effort was placed on standardizing the measurement protocol across all four centers, which included the training of all staff members from each Clinical Center at a common site on three occasions and a ®nal certi®cation examination. Also, detailed procedures were provided in the Manual of Procedures, both by photograph and verbal description, and staff were periodically monitored to assure compliance with these procedures.
Conclusions
In summary, the results from the analyses of the HERITAGE ICQC sample data on anthropometric and body composition variables suggest good measurement reproducibility. This is critical to any subsequent analyses of the full HERITAGE data set in which changes subsequent to endurance exercise training, and the genetic basis of these changes, are evaluated. Of particular importance was the close agreement across the four Clinical Centers, since the data from all Clinical Centers will be pooled for all subsequent analyses.
